
Origin aiid ?$iolofiic 1:idivicIuality 

(if tiic Gcnctic I)ictioii:iry 
A h,/rcrc.f. Dcoxyrihonuclcic acid con- 

Q:iins seqticnccs coniplcnicntary to homolo- 
gorrs amino-acid trnnsfcr ribonucleic acid 
niolcculcs which W I V C  a s  the translating 
dcvicc betwccn polyrihoniicicotidcs and 
proteins. This implies tha t  Ilic RNA mole- 
cules havc their primary origin in DXA. 
From the amount of DNA participating, 
onc would infer that more than 20 com- 
plementary sequences cxiht per genornc, a 
conclusion consistent with a degenerate 
code. The fact that complex formation 
occurs most readily with homologous RNA 
suggests that, while the language remains 
universal, each dictionary i s  uniqucly idcn- 
tifiahle with its own genonic. 

There are excellent reasons ( I )  for 
identifying the soluble ribonucleic acid 
(s-RNA) molecules with the genetic 
dictionary which permits translation 
from the four-nit language of the 
polynucleotides to  the twenty-unit par- 
lance of the proteins. It is of obvious 
intcrest to determine the relation be- 
tween thcse RNA niolcculcs and the 
gcnonic. In particular. one would like 
to know whether sequences exist in ho- 
mologous deoxyribonuclcic acid (DNA) 
which are 'coniplcnicntary to those 
which occur in the s-RY, t A molecules. 
nforniation on this question would i l -  

including prohlenis of origin, unique- 
ness of sequences, and estimations of 
coding dcgeneracy. 

A test for complementarity is specific 
hybrid formation betwccn DNA and 
RXA. This criterion was used by Hall 
and Spieglcm,m ( 2 )  to  dcnionstrate 
that R N A  synthcsizcd in  E.~cherichin 
coli after infcction by the bactcriophagc 
T2. is complcmcnt:rry to thc DNA of 
thc virw rathcr than to that of thc host. 
ldcntilication' of thc Iiyhrid structurcs 
was niade by cquilibriuni dcnsity ccn- 
trifugation in swinging bocket rotors, 
conibincci with isotopic labcling. The 
sanic proccdurcs wcre uscd ( 3 )  to  re- 
veal scqucnccs in DNA coniplcnicntary 
to homologous ribosomal RNA and to  
show ( 4 )  that DNA scquenccs coiliple- 
nientary to  thc nucleic acid of an RNA 
virus do not exist. The scarch for  coni- 
plementarity with ribosomd and viral 
RNA made it ncccswry to design ex- 
perinicnts capable of c'ctccting coni- 
plcxcs which includc 1 ctween 0.001 
pcrccnt and 0.01 pcrccr; of thc total 

. Thc scnsitivity nccdcd was CTNA l.chicvcd by Inbeling thc R N A  to thc 
required specific activity. Confusion 
with "noise" in the forni of eithcr 
nicchanical trapping, or chancc coin- 
cidence in complementarity ovcr short 

k 3  ,uniinate a nunibcr of ccntral issucs, 

rcgions. w;ts ;ivoiJcd I,y iiioking iisc of that s-RNA is resistant lo hq'6ritliz:ttion 
thc rwistancc ol' spccific hybrids to sincc x-ray analysis (9) suggcsts that 
dcgradation by ribonuclcasc. Nonspc- s-RNA is a hairpin structurc kcpt to- 
cific coniplcxcs are coniplctcly scnsitivc gether by a highly regular systcm of 
to  such degradation ( 3 ) .  - -__ hydrogcn bonding. Until this secondary 

The succcssful detection ( 3 )  of structure is disruptcd thcrc is no oppor- 
hybrids of'ribosonial RNA and D N A  tunity for pairing bctwcen s R N A  niolc- 
encouragcd us to  extend t?c examina- C U ~ C S  and coniplcnicntary scqiicnccs in 
tion of homology of D N A  and RNA the DNA. One can make an educatcd 
to thc specics of s-RNA molecules. The guess of the tenipcraturcs rcquircd for 
sensitivities developcd for the ribosomal complex formation by cxaniining the 
and viral R N A  invcstigations ( 4 )  niadc melting curve of s-RNA obtaincd undcr 
it ccrtnin that a definitive answer was the conditions rcquircd for hyhridi- 
attnjnablc for s-RNA. zat ion. 

Isolation, purification, denaturation Figure 1 compares the hypcrchromic 
of DNA, and uniform labcling of RNA response of s-RNA :Ind ribosomal RNA 
with either P:' or tritiated uridine wcre to heating in the medium employed for 
carried out as described previously ( 3 ) .  hybridization. One would predict from 
Soluble RNA was obtained from a cell these curves that complex formation 
extract from which ribosomes were re- between ribosonial R N A  and DNA 
moved by centrifugation for  3 hours would occur bdween 40" 'and 50°C 
at l00,OOOg. The RNA was isolated but that virtually no hybrids ~vou ld  be '  
by the phenol procedure ( 5 )  and fur- observed with s-RNA. The conclusions 
thcr purificd by chromatography on dcrived from this analysis were con- 
columns of mcthylatcd albuniin ( 6 ) .  firnicd whcn the optimal conditions for 
Thc proccdurcs of Hail and Spicgclnian hy[>rictization of s-RNA were dctcr- 
( 2 )  for  the forrimion and detection mined. These tests were dcliberatcly 
of hybrid structures In cesium chloride carried Out at low input ratios of s-RKA 
gradicnts tverc followcd. to D N A  so that thc conditions. could 

Preliminary cxperinicnts revealed that be used to  examine thc e rec t  of RhTA 
thc tcl11Per~~tLlrc range (40" to 55°C)  concentration on extent of hq'bridiza- 
suitable for COiiiplCX f0rnlatiOn with tion. Figure 2) shows that the anlolint 

RNA ( 3 )  did not lead to  hybrids reached a plateau bct\vcen 70" and 
between and DNA. In one 75°C. Figure 2B illustrates the kinetics 
sense this was fortunatc since a simple of hybrid fornlation at  7 3 0 ~  and indi- 
nicthod was thus providcd for  dctccting cates that the process \v2s nearly coni- 
contaniination of s R N A  with ribosomal plete in about 100 B~~~~~~ 
or  coniplcnicntary RNA. of the results of these and similar ex- 

Hybrid formation rCqUireS incubation pcrinients, mixtures LIndcigoing hybridi- 
at temperatures and iindcr ionic condi- zation wcrc incubated at 7 9 0 ~  for 3 
tions that allow formation of hydrogcn l,olrrs. 

:i niinutc scgnicnt of thc DNA is likcly 
to participatc thcrc will bc cornpara- 
tivcly small amounts of RNA in the 
apparent comple\r. Thus there must he 
indcpcndcnt cvidcncc thqt hybrids bc- 
twccn s R N A  and DNA arc being 
formcd. The naturc of.  thc cvidcncc 
rcquircd can be lis!cd as follows: 

1) "PEoof-thitt thc RNA that has be- 
conic a part of the comples is s R N A  
by the analysis of thc h.i.;c composition 

cithcr infOrIIiatiOnd ( 7 )  Or ribosonial of ,+RNA hybridized pcr unit of DNA 

lTo11cls. I t  is Pcrl1lii)s ]lot s ~ l r ~ r i s i n ~  It nlLlst 1-jc cnil-jli:lsizcd Illat since only 

I 

x) 40 80 GO 70 DO r ~ o  of thc hyhricii;-ctl iii:\tcri:i!. -- TEMPERAIUIIT. 'C 

-3 -A- ~ l ~ . ~ ~ i ~ ~ i ~ ~ t r . ~ ~ ~ ~ ~ I I  th.i( t h ~ '  R S A  
Fig. 1. H~~crchro rn ic i t~  of s-RNA and ~,ccl.nlc c\f cc.illricv ribosomal R N A  from E. coli. Solutions 
containing 30 Jcg/l,,l of nucleic acids i n  is much niorc resist:lnt to degradation 
T M S  (0.01hl tris, 0.3M NoCI. O.()O[&i  by iiho~iLIclcasc t h n i i  is frcc RNA 

turc was increascd at a rntc of O.S"C/min. plemcntary to the s-RNA. 



Table 1 .  B:isc composition of R N A  Iiybridizcd 
IO DN.4. E-RBA of E coli, uniformly lnbclcd 
with PI2 to n Icvcl of 200,030 count/nlin per 
microgram, \ v x  ptirilicd on a nicthylutcd' albu- 
m i n  coluiiin. I t  \vas incubarcd wilh lioniologous 
1ic:it-dcnnturcd DSA in 0.01 AI tris, 0.001 A t .  
Xlg--': O.j ; \ I  XaC1 at pi-! 7.5 for 2 hours a t  
7T'C. Thc iiipat R N A / D N A  w a s  0.16.X 10-2 

to ;ivoid iioixpccilis coinplcs Ibrm;irion, scnsitivc 
IO ribonticlc;isc. l tybr id  srructiircs \vcrc scp- 
ar;ged ;is described in Fig. 2.4. Thc hybrid rcgion 
\\;IS poolcd. and unIabclcti ribosoinal R N A  was 
addcJ as carrier. Aftcr hydrolysis in 0.3Jf NaOH 
for 1 G hours, thc nuclco~idc composition was 
dctcrmincd by dis:ribution of I " 2  i n  thc pcaks 
rccogizcd on 1)owcx-lbrmatc colymns (7).. 
C, A, U, and G rcfcr to cytidylntc, ntleiiylate, 
irriilylatc. ;ind p1;inyl:itc. 

%C . p ~ n ~ / - -  Molcs pcrccnt - - 

A (74) pyrimidine 

I,rprt/ S - R N A  
27.2 20.6 18.2' 34.0 61.2 .23 

- - _ _  
*H.I /widi:ni RNA 

27.2 1S.6 19.0* 3 5 2  62.4 1.20 

Rlh$or , ln l  R N A  (7) 
24.3 25.0 19.7 31.0 55.3 1.27 

" f l d O /  IJI lI~/OII lI /"  R N A  (7) 
24.7 24.1 23.5 27.7 52.4 1.07 

Includes also counts at:ribu:nblc 10 pscudouridylate. 
. __. - _-  - - 

i. 

TEYPL~ITURE. .C WE. w w m  

Fig. 2. Hybridization s-RNA to DNA. 
( A )  Influence of temperature. The incu- 
bation mixture in TMS consisted in every 
case of 40 rtg of heat-denatured E. coli 
DNA and 0.01 pg of H"-labelcd s R N A  
E. coli (IO; count/miri per microgram). 
The total volume was 0.6 to 0.7 nil. The 
mixtures wcre incubated for 2 hours at 
the specified temperatures. Enough solid 
or solution of CsCl was thcn added to 
the mixtures to yield a dcnsity of 1.73, 
and a final volume of 3.0 nil. The result- 
ing saniplcs were centrifuged for 3 days 
at 25°C and 33,000 rcv/min in thc SW39 
rotor of a Spinco model L ultracentrifuge. 
After centrifugation 0.2 nil fractions were 
collccted from the bottom of the tubes, 
ciiliitcd to 1.2 nil and analyzcd for 0 . D . 2 ~  
a n d  radioactiviiy of thc acid-prccipitable 
ir.lction ( 3 ) .  The amount of RNA hybrid- 
i d  is dctcrniincd from thc counts of thc 
acid-precipitable fraction in the DNA- 
dcn5iry rcgion of thc gradicnt. The in- 
p ~ i ;  ratio was acljustcd so that nonspecific, 
rihonticlcasc-scnsitivc counts were not 
5iZnificant. (0) Intlucnce of time. Thc 
cxpcrinicnial conditions dcscribcd in part 
A wcrc used. exccpt that hcrc thc tcmpcra- 
turc wah lcpt con5tant at 75°C and the 
tinic of incubation was varicd. 

4) Spccific complex formation with 
homologous and  but not hetcrolocous 
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i\\ - - 
RNA. ' 8ok\ H:-Hybrid /?HA 

To satisfy thc first point, purificd 
s-RNA, uniformly labcled with I?', was 
hybridized to  DNA. After separation 2 - 601 L 
tcrial was rcmovcd, hydrolyzed by 
- _  alkali, and analyzcd for base coniposi- 
tion (7). Table I shows the base com- 
position of the hybridized 'material and 
thc input s-RNA. For  coniparison, the 
bnsc compositions oi thc othcr RNA 
coniponcnts of E.  coli arc  also listcd. 0 10 20 30 40 

-The hybridizcd R N A  is virtualiy icienti- 
,cd in base composition to the s-r\NA of 6 . h y ~ , r i d i z c d v ~  RNA 
and is easily tfidngiiishnbie from either rlboi,llclcasc ac t ion  Hk,hrlJiz;itlcn Wd\ 

thc ribosomal or the "info:niational cart icd out with ;I -1nhclcd s-KXA m d  
RNA?' is spnrllcsizccl in  a hcat-dcnatuicd DNA of ' E .  coli in  TLIS 

DNA was 2.6 X IO ' to pciniit exhibition 
noted that pscudouridylate, a basc of non50ecific ConIDlcr in the D ~ A -  
uniqiie to  s-RNA, was present in its 
charxtcr i \ i ic  position on thc Dowcx- 
f a r i m  tc col ti m n. 

Thc sccond property, thc rclativc 
rcsistance to ribonuclcnse of s-RNA 
(H'-labclcd) hyhiidized to DNA is 
illustratcd in Fig. 3. Hcre P"-labelcd 
sRNA was added to the reaction mix- 
ture as an intci'nal control t o  monitor 
thc cnzyme activity. Thc  initial loss in 
acid-prccipital~lc material in thc tritium 
counts is due to  adventitious s-RhTA 

6 
in n CsCl gradient, the hybridired nin- Z 0 

20 
8 
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Fig. 3. 

- -_ !ransition,, be at  72°C for hour\. Tne input RNA/- 

_. 

density region. Aftcr dcnsity ccntrifuga- 
tion, as described in Fig. 7, the fractions 
containing hybrid wcrc poolcd and dia- 
lyzed against a solution conininin: 0.01 ,\I 
Tris and 0.1it.I NaCl :it pH 7.3. Free 
P."-labcled s-RNA was included as an 
intcrnal control. Ribonuclcasc ( I O  pg/ml) 
was added and the fncubation was con- 
tinucd at 25'C. At the indicated intervals, 
samples were removed and the H.'- and 
P:"-coiints of the acid-precipitable residue 
were dctcrniincd in a 'Packard scintillatiolfi\, 
spcctrophotonictcr ( 3  1. w 

contaminating thc DNA-dcnsity rcgion. 
As might bc cspcctcd thc, proportion ' 1 :  

2 

varics with thc input ratio of s-RNA , c 
to  DNA: it is very small a t  low input .f 6k 

; acforem.ase /, j L/ 

i ratios ( S C C  Fig. 4). :I -0. 

T h e  next question refers to thc level 2 I ,+e' 
j 0* 

t which saturation of the DNA occurs. 
A fixed amount of DNA was incubated 
with various concentrations of tritiated 

were s-RNA scparated and the in CsCl resulting gradients. complexes The 
total and the ribonuclease-resistant nia- 

2 'r 
Afler RNAasSo i ,.Re 

fed I  I 
I 

j I  

I 2 3 
07 
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terial in the DNA density regions were INPUT R N A I D N A  X 102 

then dt#crmined. The  rCSU?ts are sum- Fig. 4. Saturation of S-RNA E.  coli by 
marized in Fig. 4. T'nc picture is very DNA E. coli. Mixtures containing 45 to 
sinljlar to that observed jn t]le satura- 5 0  of heat-dcnatured DNA PIUS various 

count/min per micrbgrani) in 0.85 ml 
( 3 ) .  Bcfore treatment with ribonuclease TMS were incubated 'at 72°C for 2 hours. 
n o  sharp plateau is observed owine to The samples were then treated as described 

tion cxpcri1iients with ribosomal RNA amounts Of H'-labeled (1009000 



:irsc. s-XK,+ prcpr:iiioiis of. tu\:o. cl.ifT.qr-,' . nates on a DNA tcniplatc. Invoking a 
:;it 1)iological origins were inc\ib:itcd CN.4-mdcpcndcnt pathway for  the 
I \ : - %  DXA honiologotis to one of them.' origin of s-RNA (8, 9) sccms now 

,.;c';isc of iclc.ntificntion. cach s-i<NA unnecessary. This conclusion is in 
is iabclccl \villi a diti'crcnt rxlioactivc .agrccmcnt with the icccnt dc;iioiistr:i- 
isotope. If spcciccity is complete; tlic-:-.tion d i n t  actiiioinycin D, whicii inhihiis 

-. ... 

\ 

homologous s - R N A  \ \ i l l  hybridize and 
the kctcrologoii> l<SA will bc cscludcd. 
In the other typc of test, two DNA 
prcp:ir*itions, distinguishablc by their 
positions in the dcnslty gradient, wcrc 
inculxttccl in thc p r c w i r c  of 3 labclcd 
s-RN.4 homolo!pih lo one of tiieni. 
If specificity docs c\ist, the isotope 
should be found associatcd only with 
the pc,ih corrcsponding to thc homolo- 
SOUS DNA. 

The  rcsults ot' both hinds of spcci- 
ficity tcsts arc s;imiii;irizcJ in Fig. 5. 
In Fig. 5 A  thc incuhition nii\turc con- 
tninccl dcniiturcd D N A  from E. coli, 
P --l,ilwlcd b - I i N A  or E. coli and H'- 
1,ihclcd s-RNA of l i t r c  illrrr mep/crir/t71. 
\\'c noic coiiiplctc cAclii\ion of the tri- 
ti;itccI heterologous +RNA from thc 
hybrid region and excclient hybrid 
form,ition with the homologous s-RNA 
marked with P '. 

T h e  alternative specificity tcst was 
carried out with DNA of P.\errclorrrorins 
r~-*.rcgii~o.sa and D N A  of B ~ c i l l i i s  riiegn- 
C;tm sincc they iiavc very different 
densities and separate well in CsCl 
gradients. A nii\t,ire of hcat-dcnaturcd 
prcp:irations of DSA froni thcsc two 
sources were incubatcd with tritiuni- 
labclcd s-RNA of B. rnegtikrimn. The 
resulting profiles obtained in thc CsCl 
_crad;cnts are shown in Fig 5B. Thcre 
a x  virtually no  counts associatcd with 

)DNA from Psetrdomorinr aericgiriosa 
\\hercas an esccllcnt hybrid structure 
is seen in the density region of the 
homologous DNA from 6. rnegnterium. 

TIic expcrinients described offer con- 
vincing evidence that specific hybrids 
bctwcen s R N A  and DNA can be 
fornied under thc proper conditions. 
The material which has formed n coni- 
PIC\ is indccd s-RNA as shown b y  a di- 
rect analysis of the hybridized niatcrial. 
Thc  U S U ~  resistance of hybrids of RNA 
and DNA to ribonuclcasc has been 
dcmonstratcd. Further, thc DNA is 
s;itur;itcd a t  R N A  lcvcls thnt indicalc 
only :I cniii l l  proportion of the DNA is 
compIciiicri1.. iy  to  the s-RNA niolc- 
culcs. F i r  .illy, fiyl>ritl formation is spc- 
c!$. cctirring rc.itlily only hctwccn / A nuiiibcr of Intcrcsting implications 
follow from the fact th,it DNA con- 
1.iin.i scqircnccs comp1eiiiciit:iry to 
s-RNA. Thc cxistcncc of complcmcn- 
tarity niakcs it likely that s-RNA origi- 

>logous +RNA and DNA. 

( I O )  the DNA-c&xidcnt RNA poly- 
nicrasc, also prcvcnts ( / I )  all RNA 
synthesis in both bacterial and animal 
cclls. The fact that :his same agcnt 
docs not inhibit production of RNA 
virus ( 1 1 )  is argument against the opcr- 
a t ion in uninfcctcd cclis of a nicchanism 
which synthcsizcs KNA on :in RNA- 
tcni plate. 

T h e  przscncc in sRNA of iiiethylated 
bases and pscudo-uridinc might pcrhaps 
posc a problem for a DNA-dcpcndcnt 
pathway.. Eowcvcr, mcthy:ation of 
purincs and pyrimidines occurs after 
thc formation of thc polynuclcotidc 
( 1 2 ) .  Wc would thcn prcdict the cxist- 
cncc of a n  czyriic which c,in convcrt 
tiriclinc to psctitlo-urielinc in thc intact 
polynucleotide 

Thc  fact (from thc hybridization 
hat  +RNA Saturatcs thc DNA 

Fig. 5: Spccificity of hybridization. ( A )  
Two difl'crcnt typcs of s-RNA plus one 
type of DNA; 55 pg of heat-denatured 
DNA from E. coli were incubatcd in T M S  
(2 hr, 72O) with a mixture of 0.06 pg of 
P'-labeled s-RNA (50,000 count/niin per 
microgram.) from E. coli and .06 .IC: H"- 
labeled s-RNA (100.000 counts/niin per 
p g )  from 13.' r t i ~ ~ ~ u / c ~ r i / / / / ~ .  Aftzr equilibri- 
um density-kradicnt centrifugation (Fig. 2 )  
0.2 nil fractions wcrc collectcd and dilutcd 
to 1 .Z ml. The 0.D.2,to and the radioactivity 
of the riboniiclcasc-resistant acid-prccipi- 
table fraction wcrc dcfcrniincd by counting 
i n  a Packard liquid scintillation spcctronic- 
ter which pcrniits sinililtancous counting 
of P V ?  -,an.d...H:t . Only thc hybrid region of 
.the dcnsiry gradient is shown. The opticnl- 
dcnsity profilc identifies the DNA and thc 
radiowtivity ic!cntifics thc hybrid structurc. 
( I ] )  Two difl'crcnt DNA's plus onc sRNA.  

and Ps. rrc,rtrgi,trmr, 30 11g cadi. wcrc in -  
ciih:itcd in I'MS with 0.06 ~ r g  of M"-l;ihclctl 
+RNA from 11. rnc8go/~~ri / t / t t  nl 72°C for 
2 ligtirs (toial voliimc was 0.7 nil). Tlic 
snmc proccdurc as in Fig. 2A was fol- 
lowed. 3'hc hyl>ricl portion of thc curvc 
after trc;ilmcnl with rihoniiclc:isc is shown. 
Thc  pc;i!is in Ihc optic;il-clcnsity profilc 
identify lhc positions of the two DNA 
preparations in thc rcaclion mixture. 

t-[c:lf-tlerl;ltti~crl I>NA f r ~ i ~ i  11. / t ~ < ~ ~ ~ f / / ~ , r i ~ / / ~ ~  

at about 0.02 pcrccnt is conslstcnt nith 
wh.it ~ o t i l d  bc c\pcctcd if the gcnciic 
codc wcrc dcgcncriktc. Dc\jlltc the co,ii- 
pIic.tCx1 opcr.ltlon\ rcqtliicd IO obi,trn 
[hi\ number it i \  rcn~~~rhcIb1y rcpm- 
ci uc I b!c. i n J c  pc n den t cx pcr i :ii c n is 
wlucs of 0.9!3 pcrccnt and 0.013 pcr- 
cent were obtained in this laboratcry. 
In addition, Goodnian and Rich (13)  
in d very siniilrir expcrinicnt found a 
v.iluc of 0.024 Ijcrccnt. Thcrcforc, the 
v~iluc can bc pvcn  sonic crcdcnce. I f  
an! thing, it is probably an undcrcstima- 
tion sincc condit~ons for hybridiz.ition 
iii'iy not bc op:inial and thc trcitmcnt 
with ribonuclease may.  siowly remove 
some s-RNA that had entered into the 
colllplcx. 

Thc expected saturation level can bc 
cstiniated from the  molecular weight 
cyuivafent of thc genonie of Eschericiiicr 
coli (4 x I O )  and the nuyiibcr of 
tlin'crcnt kinds of s R N A  molecuics. 
c,ich of which has a niolccular neight 
01 7.5 x 10'. I f  the gcnctic codc is not 
dcjcncrate, cach amino acid is coded 
b y  only one triplct which iniplics that 
thcrc are oniy 20 different s R N A  niole- 
cules. If the code is degenerate, niore 
than 20 will be nccded in the dictionary. 
The plateau prcdictcd by the non- 
cicgcncrate case is 0.01 pcrccnt. The  
fact that it is at least twice as high 
suggests that sonic an-rino acids a re  
itlcntificd with niore than one s-RKA 
molecule. This possibility is consistent 
wi:h the accumulating, evidence for -, 
dcycperacy which has emerged from 
trlplet idcntifications (14, IS) and 
aprccs with thc niultiplicity of types of 
s-RNA for individual amino acids (16, 
1 7 ) .  That  this multiplicity is the ph>si- 
cal basis for dcgeneracy has been 
dcnionstratcd by Wcisblum et a/ .  ( 1 8 ) .  

The data available (49, 20) suggest 
that the genetic dictionary is universal. 
or nearly. SO. However, the coding 
triplets probably occupy only a small 
proportion of the s - ~ N A  strands. 
Although the function 04 the non-codlng 
stretches of approsimafely 70 nuclco- 
tidcs is as yct unknown. They providc 
the opportunity for  biological individu- 
ality by sequence variation without 
dictiirbing the functibning of thc 
univcr.;al langtiagc. The spccificity of, 
coniplcs formation in thc prcscnt e\- 
p~ ri men ts show\ 1 fi :t t this opport it n i t  y 
W.I \  not neglected in thc coiirw of 
Ixologic cvolution. Thus, alrhough thc 
s-RNA OE E. coli can translate thc 
gcnctic nicssagc of ;I rabbit into hcmo- 
globin ( 1 9 ) ,  thc +RNA can bc wtiqucly 
itlcntificd with the gcnonic of its origin. 

Ribosomal RNA nppcnrs t o  have thc 
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oi ihc gcnctic m c s s n ~ c s  to which tlicy 
ic'bjwiid. Ho\\ evcr, thcir scqucnccs arc 
iliiicjiic. sincc thcy hyhriclizc midily 
ani>' t~ homologoti\ DNA (3). 

Onc othcr fcatiirc is shared by tlicse 
t u o  niolccular spccics. Although their 
sequenccs vary, the ovcr-all base coni- 
position is remarkably siniilar in a 
wricty of organisms. Thus, ribosomal 
I<X A Cro 111 P.reiitIo/ i to i in .~  c/eriigirio.eci ' 
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